INTRODUCTION
============

Evolution-driven photonic structures in nature, such as those found in butterflies ([@R1]--[@R3]), beetles ([@R4], [@R5]), birds ([@R6], [@R7]), reptiles and spiders ([@R8]--[@R10]), fishes ([@R11], [@R12]), or plants ([@R13], [@R14]), can effectively manipulate the flow of light for camouflage, inter- or intraspecies communication, signaling, heat regulation, and many other biological processes. Mimicking these optimized photonic prototypes plays an unprecedented important role in the design and function of optoelectronic devices and technologies ([@R15]--[@R18]). In thin-film solar cells, where efficiencies are limited by severe optical losses, using photonic structures was shown to improve light collection and to assist light trapping of low-energy photons ([@R19]--[@R24]). In particular, randomly textured surfaces and periodic structures have been extensively investigated because of their ease of implementation via wet etching ([@R25]) or low-pressure deposition ([@R26]), and interference or nanoimprint lithography techniques ([@R27]), respectively. More recently, photonic structures featuring a tailored degree of disorder were shown to operate over a broader spectral and angular range than their periodic counterparts while preserving controllable optical properties ([@R28]--[@R33]). In this context, understanding the contribution of disordered structures observed in black butterfly wings, known for their thermoregulation and light management properties ([@R34]--[@R36]), can provide valuable insights into designing and fabricating efficient light-harvesting nanostructures for thin-film photovoltaic (PV) devices.

The scales of black butterflies' wings exhibit a wide variety of hierarchical micro- and nanostructures with specific functionalities such as visual appearance and thermoregulation ([@R37]--[@R42]). The blackness of these butterfly wings was attributed to strongly absorbing pigmentation alone until Vukusic *et al.* ([@R37]) demonstrated that the micro- and nanostructured scales play an important role in harvesting incoming light in addition to the pigmentation. The nanostructures on black butterfly scales were mostly simulated as periodic structures ([@R38], [@R39]). However, Wang *et al.* ([@R42]) numerically demonstrated that disordered arrangements of nanostructures in black butterfly wing scales can improve the absorption with enhanced angular and polarization robustness. This is an important requirement for efficient solar energy conversion because diffuse illumination can also be captured, which further improves the overall efficiency of the devices.

Here, we present experimental and numerical analyses of the structural inhomogeneity observed in the scales of the black butterfly, *Pachliopta aristolochiae* (Lepidoptera: Papilionidae) ([Fig. 1A](#F1){ref-type="fig"}). We retrieve design rules for the fabrication of highly absorbing PV active layers. The absorption is first examined experimentally by microspectroscopy. Unlike previous studies ([@R37]--[@R39]), this analysis enables probing of wings locally and relates the structural variations, particularly the air-filling fraction (denoted *ff* in the following), to the observed optical properties. We construct a full-wave three-dimensional (3D) optical model to understand the light-harvesting properties of micro- and nanostructures by extracting the exact structure from top-view and cross-sectional scanning electron microscopy (SEM) images. Using the finite element method (FEM), we analyze the respective influence of the micro- and nanostructures on the resulting absorption properties together with the wavelength-dependent light propagation mechanisms. Finally, we exploit our experimental and numerical results for the design and fabrication of bioinspired thin PV absorbers made of hydrogenated amorphous silicon (a-Si:H). For that purpose, we use a scalable, wet-processable method based on the lateral phase separation of binary polymer mixture to mimic the exact mesoscale nanostructural pattern.

![Structure and absorption spectra of the *P. aristolochiae* butterfly wing scales.\
(**A**) Image of a *P. aristolochiae* butterfly. (**B**) Microscopic image of the matt black region. A gradient of blackness is observed along each scale. (**C**) Cross-sectional SEM image of a matt black scale. (**D**) SEM images of a scale from the matt black region reveal that the air-filling fraction at the apex is higher (by about +59%) than at the base. The inset in the lower left corner shows the 2D Fourier power spectrum of the corresponding nanohole array. (**E**) Absorption spectra measured in the apex and base of a single scale from the matt black region of *P. aristolochiae.* The scale apex of a single scale exhibits higher absorption than the base.](1700232-F1){#F1}

RESULTS
=======

Analysis and characterization of the black butterfly scales
-----------------------------------------------------------

The male black butterfly *P. aristolochiae* shown in [Fig. 1A](#F1){ref-type="fig"} is a well-studied species because of its efficient behavioral thermoregulation ([@R36]). Similar to other black butterflies ([@R37]--[@R42]), the scales of *P. aristolochiae* contain intricate micro- and nanostructures. Periodic ridges are distributed along the longitudinal length of the scales and are connected by cross-ribs. The latter creates a 2D network of disordered nanoholes above the scale interior made of a chitin and melanin composite. The basal region near the thorax is matt black on both forewing and hindwing, and is darker than any other black regions of the wing of *P. aristolochiae* (see [Fig. 1](#F1){ref-type="fig"}, A and B). These nanoholes are suspended from the ridges and cross-ribs and hang down around 800 ± 35 nm into the interior scales measured from cross-sectional SEM images of the scales ([Fig. 1C](#F1){ref-type="fig"}). The matt black and dull black regions of the wings were compared by SEM, and their air-filling fractions (that is, *ff* = 0 indicates no holes) were evaluated (see fig. S1). For both matt black and dull black regions of the wings, the hole diameters follow a random distribution with a mean of 300 ± 85 nm. The hole distribution has a short-range order as can be concluded from the ring-shaped fast Fourier transform (FFT) pattern of the matt black scale apex SEM image (inset in [Fig. 1D](#F1){ref-type="fig"}). A statistically significant difference in the density of holes, and hence in *ff*, is observed between the two regions. The mean *ff* in the matt black region is about 59%, whereas the dull black region has a lower *ff* of only 37%. This *ff* difference in different regions was also qualitatively reported previously ([@R37]). However, we noted that the *ff* is even lower (less than 23%) near the scale base, as shown in [Fig. 1D](#F1){ref-type="fig"}. The corresponding difference in the visual appearance caused by this structural variation can be observed in [Fig. 1B](#F1){ref-type="fig"}.

As illustrated in [Fig. 1](#F1){ref-type="fig"} (B to D), the scales display different colors when the *ff* changes, suggesting that the absorption properties strongly correlate to this morphological feature. There is a substantial relative difference of more than 60% in the *ff* between the regions near the base and apex of the scale. To quantify this effect, we performed single-scale microspectroscopy on the scale apex and base of a single matt black scale. [Figure 1E](#F1){ref-type="fig"} reveals the quantitative absorption difference between those two sections. The region with the highest *ff*, that is, with the lowest material volume, shows around 98% absorption in the visible range. This is 6% higher than the base of the scale. This absorption difference increases even more for wavelengths above 800 nm and reaches up to 18% at 900 nm. The following results suggest that the higher the *ff*, the lower the reflection and consequently the better the absorption. Although the low nanohole density in the basal region supports the mechanical stability, the light harvesting is optimized by maximizing *ff* toward the scale tip, resulting in a low-weight yet efficient absorber. The impact of the longitudinal ridges and the disordered nanohole array should be distinguished from the influence of the nanohole *ff*. This point is addressed by analyzing the micro- and nanostructures with 3D wave optics simulations.

To gain insight into how the incident light is affected by the micro- and nanostructures of *P. aristolochiae*, we performed FEM-based simulations. The "3D model" parameters for these simulations were taken from surface and cross-sectional SEM images ([Fig. 1](#F1){ref-type="fig"}, C and D) of the matt black region with an *ff* of 59% ([Fig. 2A](#F2){ref-type="fig"}). To evaluate the influence of these structures, an unpatterned slab with an equivalent absorbing material volume was used as a reference ("slab model"). The optical index data of the melanin-chitin composite were adopted from the wavelength-dependent complex permittivity used by Herman *et al.* ([@R39]) for *Troides magellanus*, which was calculated using a multi-oscillator Lorentz dispersion law (fig. S2A). The overall agreement between the simulated and experimental data ([Fig. 2B](#F2){ref-type="fig"}) confirms the validity of our model.

![3D FEM optical simulations of the micro- and nanostructures of the *P. aristolochiae* butterfly.\
(**A**) 3D model of the butterfly scale and corresponding parameters extracted from SEM images. The dimensions of this model are as follows: *a* = 2.0 μm, *b* = 1.2 μm, *c* = 0.8 μm, *d* = 1.2 μm, *e* = 0.22 μm, *f* = 5.0 μm, and *g* = 1.5 μm. (**B**) Comparison of experimental and simulated absorption spectra under normal incidence. The experimental data are measured with an integrating sphere in the matt black region (solid line). The dashed line corresponds to the simulated 3D model with an air-filling fraction of 59%. For comparison, we also constructed an unpatterned slab model by squeezing the 3D original model into a slab with the same bottom area and volume (long dashed line). (**C**) Normalized electric field intensity distribution calculated for normal incidence and wavelengths of 350, 550, 850, and 1050 nm. (**D**) Influence of different structural components of the scale architecture of *P. aristolochiae* on the absorption properties. The schematics represent different 3D models. The corresponding simulated absorption spectra are shown in the plot on the right. The nanohole array is found to be the primary contributing element for the absorption in the UV-vis--NIR region.](1700232-F2){#F2}

For an equivalent volume of material, [Fig. 2B](#F2){ref-type="fig"} shows that structuring the absorbing medium, as found in the scales of the black butterfly, leads to a marked increase in the absorption over the whole spectral range considered. Quantitatively, this translates into an integrated absorption (IA) increase of 18% with respect to the unpatterned slab of equivalent volume. The absorption enhancement is more prominent in the near-infrared (NIR) region (20 to 35%) than in the visible range (15 to 20%) because of the lower absorption coefficient of the melanin in the NIR range ([@R39]).

To understand how these micro- and nanostructures assist the light absorption process, light propagation through the architecture was investigated by using field mapping at four different wavelengths in [Fig. 2C](#F2){ref-type="fig"}. [Figure 2D](#F2){ref-type="fig"} singles out the individual role of different components of butterfly scale morphology in the total light absorption. The selected wavelengths correspond to a value slightly higher than the mean nanohole diameter (350 nm), above the maximum nanohole diameter (850 nm), and covering several nanoholes (1050 nm). Additionally, the field distribution was simulated for an intermediate wavelength of 550 nm, which is close to the solar spectral irradiance maximum. At 350 nm, simulated field maps show that the light does not pass through the ridges. Instead, it propagates along their sidewalls toward the nanohole array. Subsequently, light is channeled inside the nanoholes and partially absorbed at their surface. This mechanism is efficient enough for sustaining a high absorption at short wavelengths, as highlighted by the low absorption difference between the configurations with and without the bottom slab (see [Fig. 2D](#F2){ref-type="fig"}). This propagation regime was numerically and experimentally shown in thin PV absorbers drilled by periodically arranged nanoholes and is referred to as "vertical channeling" ([@R43]). The channeled modes, mostly concentrated in the low--refractive index region (air), lead to a lowering of the mean refractive index. Consequently, reflection losses are decreased because of an improved impedance matching between air and the wing. The situation differs as the wavelength increases (see 850 nm), and the light then is efficiently scattered within the whole hole-rib architecture. Both effects---vertical channeling and "in-plane scattering"---act together at 550 nm. The ridges start playing a noticeable role on the light propagation mechanism in the NIR, as observed in [Fig. 2C](#F2){ref-type="fig"} (λ = 1050 nm). However, they do not have a significant impact on the overall broadband absorption ([Fig. 2D](#F2){ref-type="fig"}).

Thus, the outstanding absorption properties originate from a multilevel system where the light is first collected and partly absorbed by the 2D disordered nanohole network (and, to a lower extent, by the grating-like ridges). Then, the photons that emerge out of those structures have a second chance of absorption because of the bottom lamina. As mentioned earlier, the nanohole array is found to be the main contributing element for the absorption in the ultraviolet-visible (UV-vis)--NIR region. Therefore, further analysis is needed to understand the influence of the nanohole size and position disorder on the absorption to design improved thin-film absorbers inspired by black butterfly scales.

Designing thin-film absorbers inspired by black butterfly scales
----------------------------------------------------------------

Several models ([@R38], [@R39], [@R44]) described the scales of the black butterfly by a periodic distribution of nanoholes. Only recently, Wang *et al.* ([@R42]) showed that the inherent disordered 2D structure found in black butterflies primarily leads to an improved omnidirectionality and polarization tolerance of the absorption compared to periodic designs. However, the correlation between this effect and the degree of disorder was not analyzed and quantified. We therefore numerically investigated this dependence to engineer efficient, bioinspired thin-film absorbers.

For our analysis, we considered photonic structures with three different hole arrangements, as shown in [Fig. 3](#F3){ref-type="fig"}. The latter were drilled into a thin layer made of a-Si:H (see fig. S2B for its optical indices), a commonly used thin-film PV absorber. More precisely, we introduced an "ordered" periodic arrangement of holes with a single diameter, a "perturbed" periodic arrangement of holes with varying diameters, and finally a "correlated" combination of position and diameter size disorder inspired by the black butterfly scales. An unpatterned slab with a thickness of 100 nm served as a reference. All layers were simulated with air as a surrounding medium.

![Simulated optical properties of thin and patterned absorbers made of a-Si:H with increasing disorder magnitudes.\
(**A**) Schematic view of the four considered geometries: "unpatterned" bare slab, ordered periodically arranged holes with a single diameter, perturbed structure of holes with periodic arrangement but varying diameters, and correlated structure with disordered hole positions and varying diameters. The ordered structure has a hole diameter of 240 nm and a period of 300 nm. The *ff* of all patterned configurations is set to 50.26%. The insets in the lower right corners show the 2D Fourier power spectra of the corresponding structures. (**B**) A Gaussian distribution with a mean hole diameter of 240 nm and a variance of 20 nm is introduced into the ordered configuration to investigate the effect of size dispersion. (**C**) Absorption spectra of the four simulated geometries under normal incidence for unpolarized light \[(TE + TM)/2\]. The IA of each geometry is reported in the legend. (**D**) IA of the three patterned geometries versus the AOI. The resulting IA varies from 67 to 45% for angles up to 80°.](1700232-F3){#F3}

To establish a meaningful comparison between these three structures, we started with the ordered arrangement comprising a periodic square array of circular holes. The period of the structure (300 nm) and the uniform hole diameter (240 nm) were adopted from Gomard *et al.* ([@R45]), where 2D patterned a-Si:H absorbers were already optimized with respect to their IA. To generate the perturbed configuration, we considered a Gaussian distribution of hole diameters (average, 240 nm; variance, 20 nm) with no overlap of the holes. The resulting distribution is shown in [Fig. 3B](#F3){ref-type="fig"} (eight other different perturbed configurations are considered for calculation, as provided in fig. S3; no significant difference in IA is noticed among them). We chose a Gaussian distribution because it reflects what is obtained experimentally, as discussed in the following sections. To obtain the correlated hole configuration, we shifted the position of the holes by the application of the Lubachevsky-Stillinger (LS) algorithm ([@R46]). The generated configurations using the LS algorithm are called correlated disordered structures and exhibit only a short-range order (see the ring-shaped feature on the 2D Fourier spectrum in [Fig. 3A](#F3){ref-type="fig"}). The correlated disorder is controlled by imposing a minimum distance between the centers of the holes. For the three configurations discussed above, the same volume of a-Si:H was considered, but because of patterning, it was lower than that of the unpatterned reference.

The IA was calculated to assess the light-harvesting capability of the four different photonic structures under consideration. The resulting simulated absorption spectra of the four configurations and their corresponding IA were compared in [Fig. 3C](#F3){ref-type="fig"} for a plane wave with a normal angle of incidence (AOI). In the case of the unpatterned reference slab, the IA is only 31.6% \[in accordance with the study of Gomard *et al.* ([@R45])\]. On the other hand, the photonic slab with ordered hole array exhibits 63.8% of the average optical absorptivity weighted by solar spectral irradiance in the wavelength range between 305 and 720 nm. This outcome is already two times larger than the bare slab. However, the perturbed structure has an increased IA of 64.5%. Introducing correlation on the position of the holes together with size dispersion, similar to the black butterfly, leads to an IA of 63.9%. All three photonic structures double the IA by a factor of more than 2 compared to unstructured layer.

The absorption peaks of the periodic structure in [Fig. 3C](#F3){ref-type="fig"} can be attributed to the coupling of the incident plane wave with pseudo-guided modes, which is enabled by the periodic patterning ([@R47]). The core principle of these designs is a collection of discrete and narrowband resonances based on the coherent scattering of photons ([@R30]). The main advantage of ordered structures is the tunability of diffraction ([@R47]), which allows a marked increase in the absorption in a targeted, though restricted, spectral range. On the other hand, a great number of resonances are required to cover a large bandwidth and hence to produce a significant IA enhancement ([@R30], [@R32], [@R48]). For the perturbed configuration, the overlapping absorption peaks broaden, which increases the absorption at around 550 nm, close to the solar spectral irradiance maximum. Consequently, the IA is enhanced by 0.8% (absolute gain). The perturbation of the periodic hole array and the resulting peak broadening is even more pronounced for the correlated configuration. However, the important absorption reduction at short wavelengths (below 450 nm) and around 650 nm limits the IA gain.

The ordered and correlated structures have almost comparable performance for a normal AOI. At high oblique angles, we observed that the ordered configuration is able to maintain a relatively high IA because of the flat photonic bands exploited ([@R49]). Nevertheless, the correlated structure enables further improvement of this angular robustness, as demonstrated in [Fig. 3D](#F3){ref-type="fig"}. The drop in the IA of the correlated structure is limited to 22.8% between 0° and 80°, whereas the ordered (perturbed) structure exhibits a drop in IA as high as 27.3% (respectively 26.8%). The IA in periodic or slightly perturbed structures relies on a limited number of absorption peaks with a moderate bandwidth. In contrast, the bioinspired correlated designs have a richer collection of absorption peaks (see also the Fourier spectrum in [Fig. 3A](#F3){ref-type="fig"}) and are therefore less sensitive to angular effects.

We also investigated the polarization dependence of the absorption for all three configurations (fig. S4). The spectra show that the absorption is globally higher for transverse magnetic (TM)--polarized light than for transverse electric (TE)--polarized light under non-normal incidence. The reduction in the absorption for all the configurations at higher AOI is primarily due to increased front-side reflection of the TE-polarized light. The spectra computed for the TM polarization exhibit either an increase or a decrease in the absorption for the ordered and perturbed cases, depending on the spectral region considered. Conversely, the correlated configuration displays a broadband and gradual enhancement of its absorption with increasing AOI (up to 70°) and only a limited absorption decrease at an incidence angle of 80°. This qualitative analysis is consistent with the IA values reported in [Fig. 3D](#F3){ref-type="fig"} and enables us to stress the advantage of bioinspired disordered nanohole distribution over the periodic ones because it optimizes the absorption over a broad spectral and angular range.

Fabrication of thin-film absorbers inspired by black butterfly scales
---------------------------------------------------------------------

Motivated by the positive outcome of the simulations, we fabricated bioinspired thin-film absorbers using lateral phase separation of polymer blends and reactive ion etching (RIE). [Figure 4A](#F4){ref-type="fig"} illustrates the fabrication process flow. The lithography technique relies on the phase separation of two nonmiscible polymers in a blend solution during a spin-coating process (see Materials and Methods for details). Multisize nanohole patterns with controllable size distribution and *ff* were thus obtained ([@R50], [@R51]). Afterward, the nanoholes were transferred into a 130-nm-thick a-Si:H layer by RIE using the patterned resist layer as an etching mask. The optical images in [Fig. 4B](#F4){ref-type="fig"} show the darkish appearance of the patterned and completely etched sample ([Fig. 4B](#F4){ref-type="fig"}, right), in comparison to the unpatterned absorber ([Fig. 4B](#F4){ref-type="fig"}, left) at moderate (30°) and large (80°) viewing angles. SEM images of the resulting correlated disordered nanoholes in the PV absorber are shown in [Fig. 4C](#F4){ref-type="fig"}. A corresponding 2D Fourier power spectrum in the inset of the overview SEM image demonstrates the correlated disorder nature of the nanoholes, confirming the similarity with the previously discussed black butterfly structures. The statistical histogram of the nanohole distribution is provided in [Fig. 4D](#F4){ref-type="fig"}. The hole diameters follow a Gaussian distribution and range between 100 and 600 nm with a mean diameter of 238 nm, which is close to the optimized mean value of 240 nm previously considered in the optical simulations. The resulting *ff* of approximately 41% is lower than that observed in the matt black wing scales of *P. aristolochiae* because of the comparably thick "walls" between the holes. Therefore, we analyzed the *ff* variation of the bioinspired design (results are provided in fig. S5). As expected, we noticed sequential IA increase with increasing *ff*. The IA significantly drops if the *ff* goes below 30% because absorption strongly decreases around the solar irradiance peak of 550 nm, but the IA is quite stable for sufficiently high *ff* (above 40%). [Figure 5A](#F5){ref-type="fig"} shows an atomic force microscopy (AFM) image of the nanoholes etched into the a-Si:H layer. A 1D line profile extracted from this image allows us to confirm that the etching is achieved throughout the whole absorber thickness.

![Fabrication of the bioinspired patterned thin PV absorbers.\
(**A**) Schematic view of the three main fabrication steps including the spin coating of a blend solution of poly(methyl methacrylate) (PMMA) and polystyrene (PS) in methyl ethyl ketone (MEK) on a thin a-Si:H layer deposited on a glass substrate, followed by a selective development of the PS, and finally the transfer of the pattern into a-Si:H by dry etching (RIE). (**B**) Image of a patterned 130-nm-thin a-Si:H layer on a glass substrate with completely etched disordered nanoholes (right) demonstrates the high omnidirectional absorption properties with respect to the unpatterned sample (left). All images are taken under diffusive white light with observation angles of 30° (top) and 80° (bottom). (**C**) SEM top-view image of the nanostructured a-Si:H thin film shows the distribution of nanoholes with both size and position disorders. The ring-shaped pattern in the 2D Fourier power spectrum corresponding to this SEM image (inset) confirms the correlated disordered nature of the nanoholes introduced in the thin absorber. (**D**) Statistical analysis of the nanohole diameters of this sample. The histogram depicting the distribution of nanohole diameters can be approximated by a Gaussian profile with a mean diameter of 238 ± 105 nm.](1700232-F4){#F4}

![Characterization of the bioinspired patterned thin PV absorbers.\
(**A**) 3D AFM image of the bioinspired a-Si:H thin film. 2D surface profile shows a short-range ordered hole distribution that is used for bioinspired solar cell simulation (fig. S7). 1D line profile shows uniform surface patterning with height (etching) profile. (**B**) Impact of the etched disordered nanoholes on the absorption spectrum measured at normal AOI with unpolarized light. (**C**) Angular dependence of the IA of the patterned and unpatterned samples. The relative increase in IA raises up to +200% for an AOI of 50°.](1700232-F5){#F5}

The resulting absorption spectrum of the patterned a-Si:H layer at a normal AOI is shown in [Fig. 5B](#F5){ref-type="fig"}. The benefits of patterning become clear by comparing this sample with the unpatterned one (blue dash-dotted line in [Fig. 5B](#F5){ref-type="fig"}). The latter features a low absorption for wavelengths above 500 nm, where the absorption coefficient of a-Si:H is low (see fig. S2B), and exhibits an IA of only 24.8%. In contrast, the bioinspired disordered nanoholes enable the enhancement of the absorption over the whole spectral range. This originates from the previously described light in-coupling (coupling to vertical channeling modes) and light-trapping (coupling to pseudo-guided modes) mechanisms, leading to an IA of 48%. We nevertheless note that the absorption enhancement is limited at around 350 nm. The etching through the whole a-Si:H layer thickness leads to high transmission losses. Because the absorber was thin compared to the simulated black butterfly structure, the channeled light cannot be fully absorbed in a single pass. However, this issue is circumvented in a complete solar cell stack including a rear reflector. Besides, we emphasize that the relative IA increase of 93% measured under normal incidence (and between 450 and 800 nm; see Materials and Methods for details) is even higher at larger AOI and reaches +207% at an incident angle of 50°. [Figure 5C](#F5){ref-type="fig"} highlights this upward trend in the relative IA enhancement with the increase in AOI.

To assess the potential impact of these bioinspired structures of disordered nanoholes on the absorption of complete a-Si:H--based solar cells ([@R21]), we performed additional simulations (fig. S6). To this end, we considered a layout consisting of bioinspired holes drilled into the front transparent conductive oxide layer and into the a-Si:H absorbing layer. To be as close as possible to the fabricated samples, we directly imported the measured 3D patterning profile shown in [Fig. 5A](#F5){ref-type="fig"} in the simulated model. The simulated spectra indicate that, under normal incidence, relative IA increases of 16 and 5% are achieved with respect to unpatterned and ordered nanohole patterned solar cells, respectively. Although substantial, this absorption enhancement in a-Si:H does not reach that obtained in the single-patterned slab because of the suppressed transmission losses (back reflector) and the parasitic absorption taking place in all the other layers. Nevertheless, our fabricated patterned a-Si:H thin film demonstrates ideal utilization of bioinspired design principles, optimizing the absorption over a broad spectral and angular range.

DISCUSSION
==========

The wings of *P. aristolochiae* have a hierarchical design based on ridges and nanoholes to simultaneously provide good mechanical stability and efficient light harvesting. This is notably enabled by an air filling fraction gradient along the wing scales, with a high-*ff* nanohole array found toward their apex, where the mechanical constraints are more relaxed. Using microspectroscopy, we experimentally correlated the absorption enhancement along the scale with an increase in *ff*.

To gain further insight into the optical properties of this photonic biostructure, we set up a 3D model based on SEM images and calculated its absorption using FEM simulations. This enabled us to study the respective contribution of the main elements involved, including the disordered nanohole array, the regularly arranged microridges, and the bottom lamina. We conclude that most of the absorption takes place in the hierarchical structure in the upper lamina, with a weak contribution from the ridges especially below 800 nm. Conversely, the nanohole array plays a major role in the visible range with respect to the light in-coupling properties. The incoming light is mostly propagating within the nanoholes, whereby the channeled photons can be efficiently absorbed at their sidewalls. Hole diameters on the order of optical wavelengths further assist in efficient light scattering, in contrast to micrometer-sized holes in other butterflies' scales ([@R1], [@R52]). In both our simulations and experiments, the wings' absorption thus plateaued above 95% between 300 and 800 nm. We note that light propagation within the black butterfly biostructures could be further analyzed using artificial, scaled-up samples produced by, for example, 3D printing stereolithography ([@R53]).

For these reasons, we implemented the bioinspired structure of nanoholes to enhance absorption in thin a-Si:H active layers that also operate over the visible range. By using simulations, we demonstrated that the IA obtained by patterning the a-Si:H layer with an optimized periodic array of monodisperse holes could be overcome by introducing a controlled amount of disorder in the diameter size distribution, eventually combined with long-range disorder of the hole position (given a fixed volume of absorbing material). This gain is attributed to the broadening of absorption peaks at larger wavelengths. We note that, unlike (ultra)thin crystalline silicon layers, whose optical properties are ruled by a rich collection of absorption peaks, the present a-Si:H absorber only involves a few resonances such that the resulting increase in IA is limited under normal incidence. However, this IA gain becomes more important when the AOI increases, which denotes an ameliorated angular robustness compared to the ordered pattern ([@R54]).

In contrast to original butterfly scales, we considered a circular shape of holes in our study, because we can obtain that shape in our fabrication approach. In the horizontal plane, the exact geometry of the holes is likely to modify the absorption (light-coupling) properties of the patterned slab by breaking the symmetry elements of the periodic hole array ([@R55]). However, here, the symmetry elements of the array are already broken by the size and position disorder such that the in-plane geometry (shape) of the holes should have a limited impact on the overall absorption properties of the patterned a-Si:H slab. We additionally simulated the absorption of a 100-nm-thick a-Si:H layer drilled with the exact hole geometry of the black butterfly wing matt scales extracted from [Fig. 1D](#F1){ref-type="fig"} (see fig. S7). We observed broad absorption spectrum akin to the correlated one with no specific resonances.

Furthermore, we simulated the original black butterfly 3D model with a correlated circular nanohole geometry, as shown in fig. S8. A hole diameter distribution of 300 ± 85 nm with *ff* of 59%, similar to matt black butterfly scales, was considered. The simulated absorption spectrum is plotted along with the experimental outcome and with the spectrum simulated using the actual and complete 3D model introduced in [Fig. 2A](#F2){ref-type="fig"}, which are all in good agreement. Consequently, the black butterfly scales optimize the size and position disorder of the nanoholes in the correlated manner, and the shape of the nanoholes has a negligible contribution on their absorption.

To produce a disordered structure of nanoholes inspired by the black butterfly scales, we used a self-assembly technique with controllable *ff* and hole diameter distribution. Our method has several advantages over conventional lithography because of its simplicity and scalability. In comparison to other bottom-up techniques, for example, colloidal lithography for similar nanostructures, phase separation of binary polymer blends via spin coating offers great flexibility because the hole distribution can be easily tailored by adjusting the processing parameters. For example, by regulating the mass ratio between PS and PMMA, their molecular chain length, the spin-coating parameters with solvent concentration and humidity during spin coating, the hole distribution, and the *ff* can be tuned in a wide range ([@R50], [@R51], [@R56]). Moreover, the proposed technique does not require the evaporation of a metal film as an etching mask to transfer the pattern into the a-Si:H slab ([@R33], [@R57], [@R58]). These advantages make the fabrication process very competitive.

The microphase separation of lipid bilayer membranes of living cells and intracellular organelles in arthropods is believed to self-organize into a rich collection of complex, nano- to mesoscale biostructures ([@R59]--[@R62]). For example, the coherently blue scattering 2D hexagonally periodic air nanoholes in chitin found in a digger bee (*Amegilla cingulata*) are possibly formed within the scale cells from the introversion of the plasma membrane into a lyotropic template, followed by extracellular chitin deposition and the maturation of the cell ([@R62]). This possible morphological arrangement is found to be analogous to the microphase separation of common amphiphilic macromolecules, such as block copolymers, surfactants, and lipids ([@R62]). However, synthetic realization of these structures by phase separation of macromolecules was challenging at the optical length scale so far. In our case, the phase separation of polymer blends in a solvent gives rise to similar structural morphology of chitin/air nanostructures in a black butterfly scale. It leads to an interesting hypothesis of forming these biostructures in black butterfly scales. The self-assembly by phase separation of lipid bilayer membrane in an aqueous medium forms the initial precursor template of disordered nanostructures. The formation pathway follows extracellular chitin deposition onto that preshaped template. Once the cell dies, the cellular cytoplasm could be replaced with air, leaving behind a disordered nanohole chitin/air structure. However, the development of cellular mechanisms tracking the phase separation of chitin in black butterfly scales requires further experiments and observations to test this hypothesis.

Last, we verified experimentally that, by integrating the short-range ordered ensemble of cylindrical holes into a 130-nm-thin a-Si:H slab standing on glass, its IA could be enhanced by up to 93% under normal incidence compared to a flat slab. In addition, by imposing a short-range order, the absorption could be further enhanced for a broad angular range. We thus report more than 200% increase in the IA after patterning the sample with bioinspired nanoholes at large view angles of 50°. The remarkably improved optical performance and scalability of these structures over large areas makes this fabrication route a promising candidate for the integration of bioinspired disordered ensembles of nanoholes as a light in-coupling and light-trapping nanostructures in future PV applications. We note that the in-coupling properties of our design, and hence its absorption capability, can be further enhanced by optimizing the etching profile. Thus, an improved collection of the incoming light is expected by considering an inverted pyramid profile rather than a cylindrical one ([@R54]).

Summing up, this study uniquely ventures into the territory of combining bioinspired nanostructures with thin-film PV absorbers, improving their functionality by a factor of 2. They also provide a pathway for further systematic study of nature-inspired nanostructures for optimal design and function of PV devices.

MATERIALS AND METHODS
=====================

Patterning of thin-film PV absorbers
------------------------------------

a-Si:H (130 nm thick) was deposited on Corning glass substrates using plasma-enhanced chemical vapor deposition at a plasma excitation frequency of 13.56 MHz and a substrate temperature of 180°C. A high discharge power of 0.3 W/cm^2^ and a SiH~4~/H~2~ flow of 41/339 SCCM (standard cubic centimeter per minute) were used for the deposition of the a-Si:H films. More details regarding the deposition parameters are provided by Merdzhanova *et al.* ([@R63]). The a-Si:H layer on glass was used as a substrate to spin coat the polymer blend. PMMA (*M*~w~ = 9590; Polymer Standards Service GmbH) and PS (*M*~w~ = 19,100; Polymer Standards Service GmbH) were dissolved in MEK (Sigma-Aldrich Co. LLC) with a mass ratio of 60 and 40%, respectively. The concentration of the solutions was kept fixed at 20 mg/ml. Solutions were spin-coated on the glass substrates with a speed of 1500 rpm and an acceleration of 2000 rpm/s for 30 s. Relative humidity was maintained between 40 and 50% during the spin coating. The demixing of the blend components out of the smooth surface occurred during spin coating itself because of the difference in relative solubilities of PS and PMMA in MEK. From the values of the Hildebrand solubility parameter ([@R64]), MEK is a better solvent for PMMA. PMMA collapses earlier into solidification that forms the surface covering layer, whereas PS forms island-like structures in PS/PMMA blends with this particular solvent.

The samples were then rinsed in cyclohexane for 6 min and dried in a stream of N~2~ to remove the PS islands. Afterward, the pattern was transferred into the a-Si:H layer by RIE (Oxford 80 Plasmalab Etcher) using the PMMA layer as an etching mask. a-Si:H was etched using a SF~6~/Ar-based plasma at an operational pressure of 25 mT and a power of 50 W. The SF~6~/Ar flow rate was fixed at 5/20 SCCM. The remaining PMMA was finally removed under oxygen plasma.

Optical simulations
-------------------

All optical simulations were performed using the FEM with the software COMSOL Multiphysics. Periodic boundary conditions in the lateral directions (*x* and *y*) were applied in all calculations. An incoming plane wave impinging the structures under normal incidence was used, and all the calculations were performed with a spatial resolution of 5 nm. In the simulation process, the boundary conditions of the electromagnetic fields in the vertical (*z*) direction were set on the perfect matching layer for the model. The mesh resolution was set to have at least 10 grid points per wavelength in the chitin-melanin composite material of the butterfly scales and in the a-Si:H thin films.

The IA was calculated for individual geometries for unpolarized light \[(TE + TM)/2\] at normal and oblique incident angles. The IA of the structures is defined as the integration of the absorption, taking into account the spectral irradiance of the sun (<http://rredc.nrel.gov/solar/spectra/am1.5/>; American Society for Testing and Materials, AM1.5 standard curve) from λ~min~ to λ~g~, and is given by ([@R21])$$\mathit{I}\mathit{A} = \frac{\int_{\lambda~\text{min}}^{\lambda g}\mathit{A}(\lambda)\frac{d\mathit{I}}{d\lambda}d\lambda}{\int_{\lambda~\text{min}}^{\lambda g}\frac{d\mathit{I}}{d\lambda}d\lambda}$$where $\frac{d\mathit{I}}{d\lambda}$ is the incident solar radiation intensity per unit wavelength and *A*(λ) is the absorption$$\mathit{A}(\lambda) = \frac{\left. \iiint{}_{\mathit{V}} \right.\mathit{P}_{\text{abs}}^{a‐\text{Si}:H}d\mathit{v}}{\mathit{P}_{\text{incident}}(\lambda)}$$

*P*~incident~(λ) is the incident power in watts, and $\mathit{P}_{\text{abs}}^{a‐\text{Si}:H}$ = 1/2ωε^\|\|^\|*E*(λ)\|^2^ is the power absorbed per unit volume ([@R65]) calculated from the divergence of the Poynting vector. \|*E*(λ)\|^2^ is the magnitude of the electric field intensity, ω = 2π*c*/λ is the angular frequency of the light, where *c* is the speed of light in vacuum, and ε^\|\|^ is the imaginary part of the dielectric permittivity.

### P. aristolochiae wing micro- and nanostructures

The parameters of the 3D FEM model of the *P. aristolochiae* wing nano- and microstructures were obtained from SEM images. The IA was calculated from 350 nm (λ~min~) to 1100 nm (λ~g~).

### Bioinspired thin films

The correlated thin-film configuration was generated using a freely available source code (<http://chemists.princeton.edu/torquato/links-and-codes/>) based on the LS algorithm ([@R46]). The method is a hard-particle molecular dynamics algorithm for producing dense disordered and ordered systems. Adjusting a few available parameters, different kinds of structures, ranging from random to nearly periodic, can be generated with this method, imposing hard or periodic boundary conditions. The final structure was then obtained by recording the position of the center of the discs and using these coordinates. The FEM model was constructed with MATLAB and COMSOL software packages. We considered 25 nanoholes in the simulation domain because this value has been reported to be sufficient to mimic the infinite structural optical absorption ([@R66]). A thickness of 100 nm for the a-Si:H layer was considered, which is lower than the mean free path of the minority carriers in this material ([@R21]). The IA was calculated from 305 nm (λ~min~) to 720 nm (λ~g~).

Characterization
----------------

### Macrospectroscopic analysis

We macroscopically measured the overall reflection (at 8° AOI) and transmission spectra of the *P. aristolochiae* wings and the fabricated bioinspired a-Si:H absorbers. This was performed in the visible range (300 to 800 nm) using a UV-vis spectrometer (Lambda 1050, PerkinElmer Inc.) with an InGaAs 150-mm integrating sphere. A spot diameter of ≈3 mm was used. All measurements were recorded with unpolarized light. The absorption (*A*) was derived out of the reflection (*R*) and transmission (*T*) measurements by using *A* = 1 − *R* − *T*.

Angle-dependent reflectance (*R*), transmittance (*T*), and hence absorption (1 − *R* − *T*) measurements were performed with a custom-built motorized integrating sphere apparatus, similar to previous work ([@R67], [@R68]) with a monochromator-coupled tunable (λ = 450 to 800 nm) supercontinuum laser (Fianium) and a Si photodetector. Again, all measurements were recorded with unpolarized light. The sample was placed in the middle of the integrating sphere using a vise-type center mount, and the sample holder was rotated around the vertical axis for angle-resolved measurements. Transmission measurements were normalized to the uncovered area of the underlying glass slide, whereas reflection measurements were normalized to a reflectance standard (Labsphere) within the sphere.

### Microspectroscopic analysis

A customized Zeiss Axio microscope with a spot diameter of ≈25 μm in bright-field reflection and transmission mode with a halogen lamp in Koehler illumination was used for the microspectroscopic analysis of individual scales. Unpolarized light from the halogen lamp was illuminated via a 10× objective (EC Epiplan-Apochromat, Zeiss) with a numerical aperture (NA) of 0.3 for reflection measurement. A condenser with a NA of 0.25 was used for transmitted light. The transmitted and reflected light was collected with a spectrometer (AvaSpec-HS2048, Avantes) through a 200-μm core optical fiber (Avantes) mounted in confocal configuration. Absorption was then derived by applying *A* = 1 − *R* − T of the integrating sphere measurements.

### High-resolution imaging

Dried wings of *P. aristolochiae* were coated with 15-nm-thin gold layer (K575X sputter coater, Quorum Technologies Ltd.) before examination by SEM (SUPRA 60 VP, Carl Zeiss Microscopy GmbH) operated at 5 kV.

Cross-sectional imaging was performed to design the 3D model for FEM simulation. For that, small pieces of wings were embedded in epoxide resin. First, the pieces were dipped in a combination of 70% acetone and 30% epoxide mix (42.4 g of glycidether, 29.6 g of dodecenyl succinic anhydride, and 18.4 g of methyl nadic anhydride; all chemicals were from SERVA Electrophoresis GmbH). Subsequently, they were exposed to vacuum for a few minutes to remove air bubbles. Afterward, the mixture was shaken for an hour. This step was first repeated with a combination of 30% acetone and 70% epoxide mix and then twice with 100% epoxide mix to ensure that the viscous resin penetrated into all the tiny cavities of the butterfly scales. The resin-infiltrated wing pieces were placed into a silicone mold, covered with an epoxide mix plus accelerator (10 g of epoxide mix and 0.265 g of benzyldimethylamine), and baked at 65°C for 2 days. The polymerized block was removed from the mold and trimmed to expose the wing piece. Thin (≈70 nm) sections from the block face were prepared using an ultramicrotome (Leica Microsystems) and transferred to small pieces of silicon wafer for SEM imaging. The cross section shown in [Fig. 1C](#F1){ref-type="fig"} was imaged at 1.5 kV in a SEM (Ultra, Carl Zeiss Microscopy GmbH).

### Topographical analysis

ImageJ, a public domain and Java-based image processing program tool, was used to perform the statistical analysis of the nanohole size on the wing membrane ([@R69]). The image analysis requires a "binary" black and white image. A threshold range was set in our case to recognize the objects of interest (holes) apart from the background. All pixels with values below the threshold were converted to black (holes), whereas all pixels with values above the threshold were converted to white (background). Subsequently, their centers and areas were computed. The 2D Fourier power spectra were obtained from the presented SEM images and calculated with the FFT algorithm of MATLAB.
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fig. S1. Matt black and dull black scales of the *P. aristolochiae* butterfly wings.

fig. S2. Optical indices of the materials considered for the simulations.

fig. S3. Simulated absorption spectra of different perturbed patterned PV absorbers.

fig. S4. Polarization and angle-resolved simulated absorption spectra of the different patterned thin PV absorbers considered in [Fig. 3](#F3){ref-type="fig"}.

fig. S5. Air-filling fraction influence on absorption properties of PV absorber patterned with correlated disorder design.

fig. S6. Comparison of simulated absorption spectra of unpatterned, ordered, and bioinspired nanohole patterned solar cells.

fig. S7. Simulated absorption spectrum of a 100-nm-thick a-Si:H film patterned with exact high absorbing nanohole geometry of *P. aristolochiae* butterfly wings.

fig. S8. Simulated absorption spectra of the *P. aristolochiae* butterfly wings obtained with a nanohole array made of the "actual" and correlated arrangement.
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